We present a detailed stellar population analysis of 27 massive elliptical galaxies within 4 very rich clusters at redshift z ∼ 0.2: A115, A655, A963 and A2111. Our results are compatible with a scenario in which the stellar populations of massive elliptical galaxies, independently of their environment and mass, had formation timescales shorter than ∼ 1 Gyr. This result implies that massive elliptical galaxies have evolved passively since, at least, as long ago as z ∼ 2. For a given galaxy mass the duration of star formation is shorter in those galaxies belonging to more dense environments; whereas the mass-metallicity relation appears to be also a function of the cluster properties: the denser the environment is, the steeper are the correlations. Finally, we show that the abundance ratios [CN/Fe] and [Mg/Fe] are the key "chemical clocks" to infer the star formation history timescales in ellipticals. In particular, [Mg/Fe] provides an upper limit for those formation timescales, while [CN/Fe] apperars to be the most suitable parameter to resolve them in elliptical galaxies with σ < 300 km s −1 .
, implying old stellar populations in elliptical galaxies. On the contrary, in the hierarchical explanation the metals are produced over an extended period in merger induced star formation, so an intermediate age population should be detectable (De Lucia et al. 2006) . The results so far are ambiguous: Terlevich et al. (1999) found evidence for the former, while Jørgensen (1999) and Trager et al. (2000) for the latter.
It is hard to separate age from metallicity effects using the CMR (Worthey et al. 1994 ) and this bedevils all analyses of unresolved stellar populations. Many studies of clusters have used the pioneering Lick/IDS spectral indices (Worthey et al. 1994 ) whose reliablity is limited by their resolution dependence as uncertain corrections for broadening and instrumental effects are needed (Worthey & Ottaviani 1997) . One can make some advance by using modelled integrated spectra, which can be broadened to match the galaxy velocity dispersion, sigma (although indices are still used in this method, one has more flexibility that with the fitting functions required in the earlier technique). Models employing the use of integrated spectra at relatively high resolution have been developed by Vazdekis (1999) which allow one to effect a better separation of age and metallicity than with the Lick indices (Vazdekis & Arimoto 1999; Vazdekis et al. 2001; Kuntschner et al. 2002) . Another advantage we have in the present work is that we have been able to employ the new stellar population synthesis models of Vazdekis et al. (2006, in preparation) which are improved versions of the earlier Vazdekis (1999) models, based on a greatly extended stellar spectral library , MILES ). The new library contains spectra of over 1000 stars, convering unequalled ranges in stellar metallicity and spectral class in the wavelength range lambdalambda λλ 3500 − 7500Å, at a resolution of 2.3Å (FWHM).
This new generation of models has shown considerable ability to break the age metallicity degeneracy and has been succesfully applied to a number of elliptical galaxies selected using the CMR of the Virgo cluster. Once the age metallicity degeneracy is resolved, it is fairly easy to derive the abundances of individual elements using these models. For example, Vazdekis et al. (2001) have found that luminous and moderately-luminous ellipticals (MV <−18.3 mag; σ 100 km s −1 ) are essentially old (t > 8-10 Gyr) without a clear trend with luminosity. [Mg/H] correlates tightly with velocity dispersion, while [Fe/H] is showing only a modest trend, implying that the CMR is driven essentially by metallicity (in particular, by the abundance of the α-enhanced elements) and that star formation in massive ellipticals virtually had stopped before SNIa started to contaminate the ISM with iron-group elements. In short, star formation was intense and short-lived ( 1 Gyr). Admittedly, however, the number of ellipticals observed in this way is small and the results may not be statistically significant. Contrary to these findings, Trager et al. (2005) found a few young moderately massive ellipticals in Coma. Caldwell et al. (2003) analyzed integrated spectra of 175 nearby early-type galaxies (mixture of field and Virgo E, dE, S0, and dS0's) to find a trend between the population age and the velocity dispersion, such that low-σ galaxies have younger luminosity-weighted mean ages. It is therefore not yet clear if cluster ellipticals with σ 100 km s −1 are uniformly old or are progressively younger towards less massive objects (Bernardi et al. 2006) .
One of the key pieces of information is to see how abundance ratios in early-type galaxies vary with the cluster masses (as sampled via their richness class or their X-ray luminosities, for example) and, in this way, obtain vital insights into galaxy assembly timescales, as functions of their environment (e.g. Worthey 1998; Carretero et al. 2004 ). In particular, overabundances of [Mg/Fe] compared with the solar ratio have been found in massive elliptical galaxies (Peletier 1989; Worthey et al. 1992; Vazdekis et al. 1997) . These have been interpreted via several possible scenarios based on the fact that Mg is mainly produced in Type II supernovae Matteucci 1994) , and include different star formation rates (SFR) and a time dependent initial mass function (IMF).
Based on SDSS data, we followed this approach previously (Carretero et al. 2004) , testing the evolution of the ratios between CN, Mg and Fe as a function of the cluster X-ray luminosity. We tentatively concluded that early-type galaxies are fully assembled on timescales around the epoch of the massive release of CN into the ISM. This timescale is shorter than predicted by classical hierarchical models (e.g. Kauffmann & Charlot 1998) , and thus it is vital to test this conclusion.
In this paper, we concentrate on the stellar population analysis of 27 elliptical galaxies distributed in 4 rich, intermediate-redshift (z ∼ 0.2) Abell clusters: A115, A655, A963 and A2111. Selected cluster galaxies have been morphologically and photometrically studied in the literature, so we focused on those galaxies already classified as ellipticals. We determined mean luminosity-weighted ages and a number of abundance ratios of species such as Fe, CN and Mg; and their relation with the velocity dispersion of the galaxies. Finally, we compared our results with those obtained by other authors in galaxies belonging to less rich clusters such as Virgo and Coma.
The outline of the paper is as follows: Section 2 presents the observations, sample selection and data reduction. Section 3 shows the relations found between the abundances of selected elements and the velocity dispersion, and the comparison with results obtained in less dense environments. Section 4 presents the discussion of our results. Finally, Section 5 summarizes our conclusions.
Where necessary, we adopt a cosmological model with H0=71 km s −1 Mpc −1 , Ωm=0.3 and ΩΛ=0.7.
OBSERVATIONS AND DATA

Sample selection
We have studied a set of 27 elliptical galaxies belonging to 4 very rich (richness class 3 and LX ∼ 10 45 erg s −1 ; Ebeling et al. 1998) A115 presents 2 main X-ray substructures, which suggests that this cluster is not relaxed but in an intermediate dynamical stage of merging prior to virialization (Beers et al. 1983; Gutiérrez & López-Corredoira 2005) . A similar scenario can be traced for A655, which presents various substructures (Strazzullo et al. 2005) , and for A2111, which shows a double-peaked core (Jeltema et al. 2005) . A very different situation is found for A963 which, even though a high LX cluster, is a quite relaxed system with some possible very small-scale structure in the core (Jeltema et al. 2005) .
The selected galaxies are the brightest galaxies in their respective clusters (15.1 < mV < 17.2) and have been already morphologically analyzed in the literature (see Table 1 for details; Flin et al. 1995; Fasano et al. 2000; Rakos et al. 2000; Balogh et al. 2002) . Thanks to this previous work we were able to focus our observations on those galaxies already classified as ellipticals. The velocity dispersion values of the galaxies in our sample cover the range 220 km s −1 < σ < 450 km s −1 .
Observations
Multi-slit spectroscopy was carried out with the DOLORES spectrograph on the 3.5m Telescopio Nazionale Galileo at the Roque de los Muchachos Observatory (La Palma, Spain) in 3 runs. Table 1 details each observing run. DOLORES CCD scale is 0.275 arcsec pix −1 which yields a field of view of about 9.4 × 9.4 arcmin. We designed Multi Object Spectroscopy (MOS) masks containing ∼ 6 slits each. As an example, Figure 1 shows the field of A655. We have overimposed the image of one of the 2 MOS masks used to obtain the spectra from the galaxies of this cluster.
For all masks, in all observing runs, we used the same instrumental setup: the medium-resolution MR-B#2 grism, in the wavelength range λλ s3500-7000Å, and 1.1 ′′ width slits. The dispersion was 1.7Å pix −1 with an instrumental resolution of 8Å (FWHM).
We performed exposures of 1800 seconds, interspersed with He+Ar arc-lamp spectra in order to correct for possible changes in the wavelength calibration during the night. Table 1 presents the total exposure time for each mask. In addition, we observed a number of G-and K-type stars to be used as templates for velocity dispersion measurements. Finally, flux standards from Oke (1990) were observed to correct the continuum shape of the spectra.
Data Reduction
The standard data reduction procedures (flat-fielding, wavelength calibration, sky subtraction and fluxing) were performed with IRAF packages. In addition, we used R E D uc m E (Cardiel 1999) to remove cosmic rays, since this reduction package allows full control of this process.
Once reduced, we coadded our 2D spectra in the spatial direction to obtain an average value of S/N∼ 40 in the full sample. Considering the physical distance to each cluster, we integrated the light of the galaxies out to a galactocentric radius comparable to the galaxies already analyzed in Virgo and Coma clusters ). In particular, we considered an equivalent aperture of 5 ′′ at a redshift z = 0.016. This way, we were able to establish direct comparisons between the our spectral index measurements and those performed in these clusters. Figure 2 shows an example of the final spectrum of a galaxy in A115 with σ = 330 km s −1 . We have overplotted a synthetic spectrum of a model of age 15 Gyr and solar metallicity. The bottom panel presents the residuals obtained when subtracting the model spectrum from the observed one.
ANALYSIS AND RESULTS
Once the reduced spectra for all the galaxies in our sample were obtained, we proceeded to measure their velocity dispersion and different spectral indices, which are the basis of our stellar population analysis. Table 1 . Logbook of the observations and main properties of selected Abell clusters. X-ray luminosity was obtained from Ebeling et al. (1998) . N gal column contains the number of galaxies studied for each cluster. " Ref." column indicates the reference from which we have obtained the morphology of analysed galaxies: 1: Rakos et al. (2000) ; 2: Flin et al. (1995) ; 3: Balogh et al. (2002); 4: Fasano et al. (2000) . a texp per mask (2 in total). b The observing program was interrupted for several hours during two nights due to the occurrence of 2 GRB warnings: GRB 050505 and GRB 050508.
Velocity Dispersion Measurements
To measure the velocity dispersion for each galaxy we followed the method described in Davies et al. (1993) , using a series of G-and K-type star spectra obtained with the same instrumental configuration as the galaxy spectra. The spectrum of a galaxy is broadened due to: 1) the intrinsic velocity dispersion of the galaxy stars, σ, and 2) the instrumental resolution, σinstr. Thus, the final observed velocity dispersion, σ obs , is given by:
On the other hand, a stellar spectrum is affected only by the instrumental resolution, since a single object has zero intrinsic velocity dispersion. In this case, σ = 0 and σ obs = σinstr. This method of measuring the intrinsic velocity dispersion of a galaxy entails broadening the stellar spectrum using a series of Gaussian filters with increasing standard deviation, σ.
Following this procedure, we estimated the intrinsic velocity dispersion for the full set of galaxies. Table 2 presents the measured σ values. Note that our sample includes massive and very massive objects since we are covering the range 220 km s −1 < σ < 450 km s −1 .
Ages and Metallicities
To derive mean luminosity-weighted ages and metallicities, we compared selected absorption line strengths with those predicted by the model of Vazdekis et al. (2006, in preparation) . This model provides flux-calibrated spectra in the wavelength range λλ 3500 − 7500Å, at a resolution of 2Å (FWHM) for single-burst stellar populations. This model is an extension of Vazdekis (1999) , employing the new empirical stellar spectral library of . This way, we can transform synthetic spectra to the resolution and dispersion of the galaxy spectra instead of the opposite, as required when working in the Lick/IDS system. Once the model spectra are transformed to yield the intrumental conditions of resolution and dispersion of the observed spectrum, we measure pairs of indices in both sets of data (observed and synthetic). These pairs are formed by an index which is sensitive almost only to variations in age, and other which is sensitive almost only to variations in the abundance of a given element. Then, we obtain nearly orthogonal grids of age versus metallicity which can be compared directly with the values of the same pair of indices measured in the observed spectrum. Figure 3 illustrates this method. The vertical axis shows the age indicator Hβ while the three horizontal axes show the metallicity indicators Fe4383, CN2 and Mg2, respectively. By comparing the model grids with the measurements in the observed galaxy spectrum we can estimate metallicities and mean luminosity-weighted ages. Note that the full set of synthetic model spectra is broadened to the velocity dispersion value of each galaxy, i.e. we create individual grids suitable for each galaxy. This way we do not need to correct for the velocity dispersion effects, to match a fixed resolution as is the case of the commonly used Lick/IDS analysis.
The selected metallicity indices were CN2, Mg2 and Fe4383 (c. f. Worthey et al. 1994 ). We used Hβ as the age index in all cases. We chose these features because of their low sensitivity to variations in signal-to-noise (Cardiel et al. 2003) and velocity dispersion (we estimated ∆(index)/index < 0.15, for ∆(σ) = 300 km s −1 ). This way we minimize possible radial variations in the index value, as σ may vary as a function of the galactocentric radius (see Carretero et al. 2004 ).
We will refer to the metallicities derived in the diagrams CN2-Hβ, Mg2-Hβ and Fe4383-Hβ as [CN/H], [Mg/H] and [Fe/H], respectively. Since the CN2 index is strongly dominated by C and N, the Mg2 index is governed by Mg and the Fe4383 index is driven by Fe (Tripicco & Bell 1995) , these metallicities must be close to the real relative abundance of each element. Given the values of the former relative abundances, we can obtain estimates of the abundance ratios [CN/Fe] and [Mg/Fe] for each galaxy.
The bulk of our galaxy sample lies with in the bottomright corner of the model grids shown on Figure 3 . However, note that an extrapolation of the model grids is required for some galaxies to obtain the abundances of CN and Mg, since the models extend only to [M/H] = 0.2. Also, it is worth noting that the data points for certain galaxies fall below the model grids, which can be attributed to the fact that absolute age determination is subject to model zeropoints (see Vazdekis et al. 2001; Schiavon et al. 2002) . We neglect the possible effect of nebular emission on H β since no [O III] λ5007 emission is detected in our galaxy spectra. Note that all synthetic model spectra were broadened to the instrumental resolution of the observed spectra and the velocity dispersion of these particular galaxies (σ obs = 350 km s −1 ). Nevertheless, assuming an upper H β emission correction of ∼ 0.5Å (Kuntschner et al. 2002) , although this would give rise to a significant reduction in the mean age of the stellar populations of the oldest galaxies, the net effect on the abundance ratios would be no more than ∼ 0.05 dex, for the most affected galaxies in a cluster. This correction for the Hβ index is larger than that obtained by varying the model prescriptions, e.g. with α-enhanced isochrones and atomic diffusion included (Vazdekis et al. 2001 ), used to derive ages in better agreement with the current age of the Universe, for the oldest galaxies in our sample.
Finally, Table 2 
Results
Correlations with the Galaxy Mass
Once we have obtained estimates of the relative abundances of selected elements, and the mean luminosity-weighted age for each galaxy, we studied their relation to the galactic mass, via the velocity dispersion. In order to compare our results from galaxies in very rich clusters with those from galaxies within less dense environments, we have also plotted on Figure 4 the results obtained by , who analyzed a sample of 98 early-type galaxies belonging to the Virgo and Coma clusters. The dotted line in each panel corresponds to the relation found for the Virgo cluster galaxies, while the dashed line corresponds to the Coma cluster galaxies. Note that the sigma coverage is limited to σ < 350 km s −1 for the Virgo and Coma cluster samples.
In agreement with our findings, [CN/H] and [Mg/H] are correlated with σ for the Virgo and Coma cluster galaxies. Also, no clear trend is found for [Fe/H]−σ. When we consider the age, the result differs from Virgo to Coma: while Virgo galaxies show a clear trend with σ, none is found for the denser Coma cluster. In particular, we observe that the behaviour of the Log(age)−σ relation is very similar for the Coma galaxies and for our sample.
Note that, in the bottom panel of Figure 4 , there is an offset between the Log(age)−σ relation for our cluster sample and the Virgo and Coma ones. This is not a critical issue since we are only interested in the slopes of the correlations, and not in their absolute values. Nevertheless, the analysis of the relative age values does give useful information. This is also the case for derived metallicity values: we do not expect to obtain absolute values of [M/H], since we based our analysis on the relative ones.
We have focused so far on the relative abundances of selected elements. However, in order to obtain information concerning characteristic formation timescales for the bulk of their stellar populations, we computed the abundance ratios [CN/Fe] and [Mg/Fe]. Since each element was ejected into the ISM by different types of stars at different epochs, their relative abundance values will be very useful for constraining the star formation history. Figure 5 As in the previous relations, we compared our results with those obtained in Virgo and Coma clusters. Figure  5 shows the results. The dotted line in each panel corresponds to the relation found for Virgo cluster galaxies, while the dashed line corresponds to Coma cluster galaxies. In this case, we also see correlations of both [CN/Fe] and [Mg/Fe] with σ. We have also compared our result with the [Mg/Fe]−σ relation for Virgo cluster galaxies found by Vazdekis et al. (2004) , which is represented in bottom panel of Figure 5 by a dashed-dotted line. Figure 6 presents the slopes of the above Z−σ relations (where Z represents any of the abundance ratios above) as a function of the cluster X-ray luminosity, which is a good indicator of the cluster mass (e.g. Ettori et al. 2002; Donahue et al. 2003; Shimizu et al. 2003) 
Correlations with the Environment
DISCUSSION
In this Section we will try to explain within a common scenario all the trends found. In particular, the correlations can be interpreted in terms of the different formation timescales for each chemical element, and the different star formation histories of elliptical galaxies as a function of their environment.
Magnesium is ejected into the interstellar medium (ISM) by Type II supernovae (SNe II) on short timescales (< 10 Myr; Faber et al. 1992; Matteucci 1994) . On the other hand, the iron-peak elements are the products of SNe Ia, which occur on timescales of ∼ 1 Gyr. Between the two extremes, although there are recent suggestions that most of the C comes from massive stars (Akerman et al. 2004) , C and N are mainly ejected into the ISM by low-and intermediate-mass stars (Renzini & Voli 1981; Chiappini et al. 2003) , leading to CN formation on timescales longer than that for Mg but shorter than that for Fe. Several authors (e.g. Ellis et al. 1997; Stanford et al. 1998) argue that early-type galaxies are old and passively evolving systems. The luminosity-weighted ages derived from our model grids confirm that the galaxies are significantly older than the formation timescales of the different species. So, if we find substantial differences in the abundance ratios of these elements which depend on the physical properties of the environment, these must be due to the fact that galaxies are assembled on different timescales as a function of their environment.
We will focus our discussion on the following three aspects: , and mean luminosity-weighted ages and the velocity dispersion of the galaxies, σ. Diamonds: A115 galaxies. Open circles: A655 galaxies. Open squares: A963 galaxies. Open triangles: A2111 galaxies. The solid line corresponds to the error-weighted linear fitting to our data. Dotted line and dashed line corresponds to the relations obtained for Virgo cluster galaxies and Coma cluster galaxies, respectively (taken from . It is noteworthy that the slope of the relations increases with the environment density for 1) The comparison of the relative abundances and abundance ratios measured in galaxies of the same mass (i.e. equal velocity disperion) in different environments.
2) The comparison of the stellar population properties measured in galaxies of different mass within the same environment.
3) The dependence of above relations as functions of the galaxy mass, with the environment properties. [Mg/Fe] versus the velocity dispersion of the galaxies. Diamonds: A115 galaxies. Open circles: A655 galaxies. Open squares: A963 galaxies. Open triangles: A2111 galaxies. The solid line corresponds to the error-weighted linear fitting to our data. Dotted line and dashed line corresponds to the relations obtained for Virgo cluster galaxies and Coma cluster galaxies, respectively (taken from . Dashed-dotted line in bottom panel corresponds to the [Mg/Fe]−σ relation for Virgo cluster galaxies, by Vazdekis et al. (2004) If we consider the formation timescales for Mg and Fe stated above we can estimate that, whatever the environment is, all stellar populations in ellipticals should be already formed in less than ∼ 1 Gyr, since this is the time needed by SNe Ia to pollute the ISM with iron-peak elements. But, if we consider species with less separated formation timescales, such as Fe and CN, we do find differences in the ratio [CN/Fe] as a function of the environment, for a given σ. That suggests a different formation timescale for the stars in ellipticals related to the environment properties, in the sense that the more dense the environment is the shorter the formation timescales of the stars are (with an upper limit of ∼ 1 Gyr). This is in agreeement with a number of recent results (e.g. Carretero et al. 2004; Thomas et al. 2005; Bernardi et al. 2006 (2000), who found a relation between the abundance of some α-elements, including Mg, and the velocity dispersion for a sample of old cluster galaxies. Moreover, Vazdekis et al. (2001) and Yamada et al. (2006) suggested that the CMR is driven essentially by metallicity and, in particular, by the abundance of the α-enhanced elements.
The Log(age)−σ relation presented in Figure 4 and the slopes of Figure 6d show that the mean stellar age is nearly constant for all galaxies within rich clusters. This is not the case for the Virgo cluster galaxies, which present bigger ages for the most massive objects. This is due to the fact that smaller galaxies in low density environments present a larger scatter in the age−σ relation (see . In fact, the slope in age−σ for the Virgo cluster is also near zero if the sample is limited to galaxies with sigma larger than 200 km s −1 .
Third, it is noteworthy that the slope of the relation [CN/Fe]−σ increases with the cluster X-ray luminosity while the slope of the [Mg/Fe]−σ is constant with the cluster mass (see Figure 6) . Because of that, we can only find environment-related [CN/Fe] differences in those galaxies with σ < 300 km s −1 whereas, for more massive galaxies, the [CN/Fe] values are almost equal independently of the cluster properties. This means that the ratio [CN/Fe] in most massive galaxies is less sensitive to the environment than in intermediate-and low-mass galaxies, suggesting that star formation histories are less environment dependent as the galaxy mass increases. Therefore, [CN/Fe] appears to be an appropriate "chemical clock" for ellipticals with σ < 300 km s −1 but, when we move to very massive galaxies, the formation timescales differ so gently from one environment to another that this "clock" turns out to be insufficiently sensitive. In order to disentangle the different formation timescales between very massive galaxies in different environments, it is neccesary to find out a more accurate indicator.
Our results suggest an overall picture in which massive elliptical galaxies in very rich clusters are old systems, with very short star formation histories, and which have been passively evolving since, at least, z ∼ 2. This is in agreement with a number recent results (e.g. Labbé et al. 2005; Kriek et al. 2006; van Dokkum & van der Marel 2006) . In comparison with less dense environments, the stars in elliptical galaxies of rich clusters must have formed at slightly earlier epochs and on a slightly shorter timescales.
CONCLUSIONS
We have performed a detailed stellar population analysis of a sample of 27 massive elliptical galaxies (220 km s [Mg/Fe] . To obtain these results we used our new, high-resolution stellar population models (Vazdekis et al 2006, in preparation) . We obtained the dependences of all parameters above on the galaxy velocity dispersion.
Given the different formation timescales for each element, we have shown that the abundance ratios [CN/Fe] and [Mg/Fe] are the key "chemical clocks" for infering the star formation history timescales in ellipticals. In particular, [Mg/Fe] provides an upper limit for those formation timescales, while [CN/Fe] apperars to be the most suitable "clock" to discriminate finely among them. This is true for those galaxies with σ < 300 km s −1 as, for more massive galaxies, the [CN/Fe] ratio loses its "timing" sensitivity.
Our [Mg/Fe] results are compatible with a scenario in which the stellar populations of elliptical galaxies, independently of their environment and mass, had formation timescales shorter than ∼ 1 Gyr. This result implies that massive elliptical galaxies have evolved passively since, at least, z ∼ 2.
On the other hand, the information provided by the [CN/Fe] analysis suggests that, for a given galaxy mass (i.e. a given velocity dispersion), the star formation history must be shorter in those galaxies belonging to more dense environments. Furthermore, we found that these timescales differences become smaller for the most massive cluster galaxies (σ > 300 km s −1 ), so they cannot be traced by the [CN/Fe] abundance ratio.
Finally, we found that the mass-metallicity relation is steeper as the density of the environment increases.
Our results do not allow us, at this point, to decide between the two principal scenarios, hierarchical or monolithic, for galaxy formation, but do set certain strong constraints. Specifically, we have shown that galaxy assembly timescales for ellipticals are short and environment dependent, and this must be addressed by any valid theory of galaxy formation.
